IKERIRBIRERIC & BB S L DB DT

HIRIN - HBR* - DREZT*  BIUFETES
CERL114E11 A 29 A 544

BY SBARBRIOBBEHMEICLESE, v 2 74 AXBLIRADKARKR LR, © » 2 7 4 LEY
DHAKRBE YT, T3, IBEYHAGCAE—RTEKRR Y B fov, 8K 5B EHEOIEZH wBIF* Forch-
heimer RICL HF LI, THiIZX D, 7 » 7 H OB & BEHORIREGHORESI WD KBEYMTHRY <5
£2=2 L LT, 7 v 274 VEHOKERESEYBERDZ ENTEL L otc, & 2 TRDIKFIHRERO LM
. BERKBBERR O CICARERE(FEM)ICL LSS BEHRIC X VBELL, BEYYERT2HE. #
GAROENRDOREDVThb, —RTEARKRICY » TRDLKFRERICL ) RF#ER T o 0T, B
DRI ORPMK I CORMORIU B EAKE 7 » 7 7 4 VRBPHRIC, KEKBBHBOBE Y B~ BEXH
ABTA2WESKLE EDIZREMIMAKTEE L, R OKEHERMRICH LKBOEEIRE -7, “h¥
KEENILEHATF L LCEBTALENL W ERRLI, ShbOKMTERMEICT L, 8K 5BLN¥A
THIEKRLIY, REOHBILEE L ItWHE—N KU KBRRY X5 ENTEL,
F—D0—F:eor7740 KERER, KB¥OTHE, BAKRETRR, FEM KEHE

T C®Ic

BORAETREXIRS e v 7HFNL. 71 07 a0BKEHRR Y V- vk E LT, BBVA)I0EE
ToKEL, BRI CBAVCSTELRLT W5, BT, EPRicER L —yciK L Tidtko
-7 HBEBRILICD, BBV TRANOHEBRLREL CTKEROHER L I2ZEMNT, =y 7# K OR
I BFEKE L AR Eh T3 (PARKIN, 1990, HANSEN, et al., 1995, HUSSEIN, et al., 1998),

vy 2R, EEMTIEFRNICE T CE58°, BRVKEVWICOMEN L L TOREELZHRLCT
WitEDFEE D, TLT, MEhd, ekESBVHlAMSENIL, LhdbKEh=srF¥F-Bkriic
LT ENTESD, COISHBAT, vy 2 74 M ELTKFEDCHCGRBZENSE G, By 2 74
VEEEH R R ATRIIFRIG E e n, Chik, KEREXREOFHERH LBK L5 L THHMN, X
A LCEBER o, Fry—-RhicbXEBEOEENRKBOS I THSH, ZDiche v 7 7 4 LiE
Yo KBEMFRT TR, TTLTOKBHREELLZHAX, chkb SV THEDEZRBATREEXHET A LN
HELE-TL 5,

ERY T, EHRRB L OKMHBEER L LS, r v 2 7HERATNOKEREXYRD, v v 7 7 4
LVEESH OEKEE XS, AN, XET, WIBEAVCC—XRIEEKEREYB I, v 274
AOKERKENE, o D EIKE S8 & HE & DIFRHBEX A~ 5, KHEHEKRK & LT Forchheimer A% A
Wi, MACRIETHTFOKE EPOBR, MBORMAMESOREBY IR T 5 KBEEMHFHE (Hydraulic
mean radius) 7 H VKB %, 52 -2+ LTHATS, KT, ERKEXZFIA L -BRUEEER Y
v, TOREBERICS 58, KFHREAROBER YR T 5, BFEdlc-> T, BFREFRE (FEM) £
ESKIERUBEHRE LB, 7y 2 7 4 A BEHEYER T ARECHhOKRA XS T %, S ZTEBL
T KBRS K T, KEFHPHEYE—DRH 74 —2 L LT, I HBRLBEREEOMEY) L EHEOR
BEWET, —RLT, TOHhOREXFHECE S & 5HBE b0, B, S OKEFENHFHRL -5 £ —

AER, R AFEESPRNFEECHKEFRBLFRESTRELL = » 7 7 1« VEHTE D WHh OKBARKF
ML KA HBANAR ) (ERIERIA - R B - TRAEE) 1K, TORCRE L ENERERLED, MELLIOTHS,
HEREAFREARBETRB

RO ERBIRRBRE 7 K RF KT
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x1 RBRCHWCEBHOWEALNERS

REE RENE BREK

mm d, mm v

X544 e

D1 20-25 22.5 1.931 2.563
D2 15-20 17.5 1.860 2.550
D3 10-15 12.5 1.877 2.557

D4 5-10 7.5 1.894 2.575

|\ o e o S S S B B B B B e ) OV o L B LA LA LS NN LA BLIN LN BN
R i N

Rk (disk) B D4 -
| - D1
0.8 0.8 } .
s F 3 i

= 0.6

R 0.6 6 ~
= R (blade) 3 = [ i
blade ) L -
! + Q54 200 ] ~ | ]
£ 0.4 - ¥ 0.4 | -1
3 00 ] - ]
- NEXS - ~ -1
A [ B4R (rod) | [ _ HERH ]
: ® D1 20-25m R D1 20-25e |
0.2 + D2 15-20m ] ozr D2 15-20ma
[ O D3 10—15zm N D3 10—15mm a
i OD4  5-10m ] i D4 5-10mm ]

(101 S SO N TN ST SN BT G N BT I 0.0 AN T TSNS EE W RS .
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10 12

oI T 5 c/b HE V., an/s

1 FRCAVGEEBONYYRT Zingg 58X 2 MNBEAGE—REEKRBROBRDO—
, (4213 Forchheimer RiZ X A [E1484)

2ELT, MERERBREOREY» CRBHOMEY F COKMERIMR LT 5, HEDOHRIE
5k, YR, BT HHELR-TL B, “hb¥x, HANSEN, et al. (1995) MRRT 5 HYEIKZ 5O
SEBALTEETH L, BEYORBECHb LY, 36l Lok HEMERN X bh, BHERHTRORE
NAEE L 1B,

—RILFHEKRERIC & BIKEEIARR

1, REBEBRFLCHE

AR, MEHFKE G LR BEOLHEMBELBVE—RTEKRRLEE DS LAk, HE
WemD7 7 Y A BARH S alce v 7HEFIR LD, K8 v 27 XD EKARBTH 5 240 FHs b Lk
ZEFTHEAKL, HEEZWEL . » 7 20K XZ100nBE & L, #RAGOBEEERY I, JIRilE
LIcBOE K E B AVT, BREORIBAL e 2R, HMERE V 12, Kilkv» 7 2 0RARWAR T
BloTHBLL, 77 A0BEMIZI0nBR TR A c8 D=2 — 2 CLKEXMUEL, » 7 L0ES
FECB > SBh, Bkz 58§ R, 73, 0.052:50 8FEE ¥ T 8 BESICE 2 1o, KA
e R TRIAR T #REL -,

AB ) BE RV, BN TLEELEEXRLDL, $5WHHIRED, 4 70— 7ORFH 1 X
SR LI, K1k, FNES/V - TONERS, RENE 4, BREH r SLORBELYE LD S, 43, HE
RO o%mFHE Lic, HEOREHIT, 1Rt h thd, ik, EHEZ/A— T HLEEARILD
HUSMEON FIZOWT, ThENRONTFORMOE X o, BOE X ¢, ¥ L THEBER T3P0 R X

— 130 —



FRI - G2 B o Wil KEEBIRIRR T X BB KR & A DK EM:

b #RE L, Zingg 0 (GARGA, et al., 1991) D CEEDLLDOTHB, B1 X b, KRBTk, M
s R B X CBRON TR S, RO FRPH{I>TuvB, 1D » i, SABIN and HANSEN
(1994) 2R, ZER, Bk X URRONE % b ONTF o L TRD AR EBE Y, B 1 o FOH
BHECHERA YT TR L ESith b,

2. HRBRER

HBRERO—FAIRRE 2 wnd, NERXS b OT, Bk 5B & MBTGE & ONIICIERH eBIE 1 H 5 2
E, FLABEHRE@L A vy -l Lt dihic b, RS ORBAEC TV 2D b2 B,

3. KEEAKSR

208K 5E & HEFE L OBGRIZ, X Forchheimer iz - CTHEEL <R TE 3,

i=A+V+B-V? (1)

I TA, BaioRHE L HBMEILY > TRESERT, ThER[T'L], [TL?]0oXTrdo, &
B A, BRI, R2RTNET -2 2AMTHLICL > TRETE S, ARG, Rick
HERBEYH SO T, BEEIEFCRIFTH S,

KR L7z Forchheimer & ¢, ¥itEHiEOMBHBR TH 5 Navier-Stokes Kz b & S\ CHHBICHE
Mc X 5(IRMAY, 1958, &HH. 1968, SCHEIDEGGER, 1974), h btk 3 &, RDOEH A 2B O S FEIHE
HEHBEOREOTMEL L, TIRHE B IBROBMMED L CHBEZF, RO L St T AliEL L2,

=ty By (2)

Ty KOG E, g RENMEETH D, T, Ao XU B, FEoME & iricBIBE o #iE
BEOLZEKETHERT, thth [L2] X0 (L] OXTE L2, ADHEL, Fro—-QTERE
hAHBOE KGR HYUT S (FH, 1968), R &2onb, R 4o, Bk, —RTEKRBRERD
BRGHFHEx5h5 A, B EXOBMFREY LD,

8000 'ULJLI B B RN B R B B (N N L B S M BN B BN
. 6000 [ @) A 3
§ - ) .
< 4000 |- -
8 E
2000 |- L -
0 TR WIS D S ST ST S S S NN B m N
0.00 0.05 0.10 0.15 0.20
KBENOTFIHE m, on
CIUN o e e s s s B S B ey et e e e Sy e
l ]
. ® F#B i
8 3 .
of |- -
&8 20§ 4
-3 - 4
10 -
0 [ IR S SN U N W S N TN RS VRN TN TR N [N TN TS S 1 i
0.00 0.05 0.10 0.15 0.20

KEBEAPIGE m, om

3 BoO—XRTEKARD HRDIIFRH K Ao
B, & KEFA TR L OBILR
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Aoy

A= (3 a
g

p=2 (3b)
g

vy 774 VBEEBHNL BHTFOKEEIRLHR, HArV-IMELE LToBOXE XI5t el
BXhb, 20X 5 REEYTERT 0, HBECHRRKBENOFHE m THH, Licr-T, RRIOHRE
Aoy Byit, m B KETHRTTH D, B3, 20k HaBarD, ¥ A BE m OBGHYE LB
LOThHBH, T, mix, SABIN and HANSEN (1994) OFEHEIC Lichiv, KA X - TH L7,
_e*b '

6-r
ZETHRERRBLIcR v 7R TFOFHOREITHY, TR, RIKRLIEHTTW5,
3 xbh, FH A, BE moicizsiv—icBERD 20O b1 s, ZONBGROREYRET Y
B L 7 A%, SCHEIDEGGER (1974) DERRFHMA 2 Kozeny and Caman D EX (BEAR and VERRUIJT,
1987) #BEWT5L, BERXL M 70F TS, RI3eRLAatiBiz, cok 5 RERICL HRDICERE
T, RDOL 5B EhS,

(4)

m

A;=31.815« m~1o1! (5 a

By=0.6282 » m~11547 (5b)

T Ay BBBIXU m 0B EThFhen™ an 'L VenTH b, » v 7 7 4 LiEHO m BEHTHh
i, RO X HRE Ay, B, EHRQ)HER, v ENLT, ITEDKBRICETAHHM A, B RZRETES
b, REAVT, #EHOKFREABELTHET S - LWL L5,

KERIBRIFER(C & BKEEIRAR DB NRET

1, KEEREBROBE

FAKBREFIALCBERRRICL D, SIETRDICKBARAROFAE Y X< 5,

BRIEERT R4 R T Lo, KRB L& X350cm, & X40cm, (&20cmD 7 7 ) ABIKB CHRB L 7,
Ry JHERTELRIE—IS L 5 REED, £ AMEROBEREXER U, HERGOB I H 1k
FEL0cnBEE L1z, BEXER Lo, R, PR, GREMOME CREOTEY N - TRER X
», ThEFAMROERE, S/KE, HHEMS e 2RI L1, K+ — A TKEERRIKLSHE L, LM
KEL by, FEFirial0emb H30embic b T, 4 BRHEHLL 6 B E 2 e, THAGBHK TREE Lic. &
KB CREVELIFANERRBIC - O XBERLIOL, KEBAEDCH OWE ¢ LIRERDLK
BRH ¢ #RE L1, g it KBOTHEAMCESWTABTHEALAKEOEBERXNY, ZhiEKRHE
KEHECE > TEHB Lic, At XU ¢ 1, KEOER & ARSI fFice=y 4 -2 2bH AL o1,

FRIL, —RTERKRR LB UANIBEAG, R2ie, FRo YV -XEyr— 2R, BREMH, kLTI
KREFICUE U RO KBEFHEHREKBLYEEDE, H1IHIV2vY) —XTR, £ORIKRLED
126D 4 ONERFOHMEYAG, L THAEOZ SEY, Thfh, 1:1HLV01:2E LIy —RAD
EREVBIIolc, ST, 1Y) —XCik, D1ID I XBALHEAGIEr —2bMx T3, W
Thos) X3, BIEW TW X H/3 L L1, 3> ) —X Tk IERXS D 1 & D 3%A, ETHAE
DZ5BEL (1, TW BEBOBILEMUH L Lic2yr —ARER LI, F4d>V—-Xik, TB=2 H T
RIE P RE OBMERORELHRIZ LicERT, NMERSD 1& D302y —ARDWTHEELI,

2, FEM & Z/KERIRBVEERER OSSN

BETRDIKERRRXOBHEIL, 7 v 7 7 4 AMEHORIBRO BRI 2 R T KEFATHE Y+ -
R 2= L LT, EEOKBRHG TSI 2EHRBMNETHITE 281 H 5, CORMEHRT L9,
METKRDLKEREA LA CARETEC L b, BEXEH MRS L UCRERNOSKEFHAELHEL, h
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BRI < 4R - PR« WL KBRMEYVSRER ' X B EKE & 4 K

2anbll & OREER (LT HFIRE) 77 Y ARIKEERE

Exy 42— 2 KWt 8 » 7
\ N B om

ARG ///}' BN

72 9 ANKBE SEMFEY LT
(4 SERKBEREROEBEHE

®2 EAKBBEEROY ) -X, 7 — R, EREHRLO CRKEEHFHE L KE

HE  ARNE fE RAeES REE KEFHTHE EBRRHRAR

) =-x r—2

X4 d. cm ZHE H, cm TW m, cm T.C

D 1-11-10 D1 2.25 1V 1H 30 H/3 0.117 8.7

D 2-11-10 D2 1.75 1V 1H 30 H/3 0.096 11.4

1 D 3-11-10 D3 1.25 1V . 1H 30 H/3 0.071 8.3
D 4-11-10 D4 0.75 1V I 1H 30 H/3 0.043 8.0
D13-11-10 D1+D3 1.67 1V 1 1H 30 H/3 0.080 8.6

D 1-12-10 D1 2.25 1V : 2H 30 H/3 0.112 24.2

5 D 2-12-10 D2 1.75 1V :2H 30 H/3 0.095 13.7
D 3-12-10 D3 1.25 1V : 2H 30 H/3 0.067 13.7

D 4-12-10 D4 0.75 1V : 2H 30 H/3 0.041 20.9

3 D 1-11-30 D1 2.25 1V 1H 30 H 0.103 19.8
D 3-11-30 D3 1.25 1V :1H 30 H 0.063 19.3

p D 1-V-60 D1 2.25 Vertical 30 2 H 0.099 14.7
D 3-V-60 D3 1.25 Vertical 30 2 H 0.060 24.2

PKBEANEROGR L T 5,

BMETEREZ FEM ik X b BRAb Lo, BELicit, 480 CST X b AN AHER(FHF MBI VT -
o, 197 BERA LT, DR (1) TRUABIKE 5B &K & O OIERR iBIRiZ, BXRITLIE: (KAzDA,
199012 d ESEVBLHRBICI VEET SIS L, HEHHCHVRE A, Biz, B2 m IV
T bz bh 38R EAVT, R (5) &KX (3) XIhEEBLA,

X5 iz, KEEHEAER & FEM BEHEIC L b 2 bhic ¢ RIEBT 5. LRy — A LA LRE Y 1
LZBENHLDD, BEURBHFIERIGL T, Lird, FENMEVLV LGV L CRIBEORE
DIELDERRLTS,

E6it, vV —X1DNEKSD 1 ¥AVALERT, LHAKMEZAZBELEL LBE0LKEFHIZOWT,
EERER I BEHERRELY B L0 TH5, chOVWTHIEBIRIFLANIEYZR B 0 TE S, AN
ik, BB, BEHRETZOhEBEELHEBRTRLTV 5,

PErrb, fiIBECcEF AL LcKBEBEARE, = v 2 7 4 MiEHOIERE T h OF+ 5 e B AL

—133—



FEXFRETVEHRSE H52%25 (2000

70 o o o e L LD NN LA BN MALEN BLEN NN BEAR B -mmmemm-- KRB
N 4 o- FEM Bt

“ - T . - -
g 100~ . ¢ KBMEREY AR LLKE, m
S [ 1 s 0+t
2 - 1 = i
" B N
g 80 15 xf
¥ 18 2 %en X
Egeo- o © 4 & wr ~:,20 %
* B N ey L T 1
e 1 8 , Aoy =,
BESN S O° 4 * "o 10 20 30 40 s0 60 70 8
g [ R@gy -2 N KFEERE x, o
2 ok ; 3%%%%“ 1 ®6 KEHASEERD 1 CHELLBHKES X UE

0 B - - . 3
=7F S D313 ] KB & FEM BB FER & 0 Lt
@ - X D1/3-V-60 ]

A I S TN N N e

0 20 40 60 80 100 120
KBRRTHME L KEEDH- ) ORE
q. cm*/sfem

X5 KERBAEDDH OFWE IOV TOKEKER
&R L FEM fHEE & 0 &

£0)
a%‘.@l d
le————2 Hemrs——»

X7 HEORILDHEEOHREL IR

R3 BEORNDREORESML

| RENE KEEN KR

r=2 H m d,cm EHEm, em T.C
DS 0.3 2.25 0.12 10,30
DM 5.0 37.5 2.0 10,30
DL 10.0 75.0 4.0 10,30

boLHETE S,

0w 2 7 1 WEEYOIKAELTT E 8RR

1. REORL DIMEY DKL R

By 77 4 MBS AHACRAEEROR, BATARBERZV A CEEICHET A0 EVIHT
Ho, COEOFIIE, BB~ L 5, Fry—lic Lt Hhchk~icBaoEENARRos 3T
BHSTOND, & 2T, BTEL 2 fio FEM HERY AVGCBISRRIC X b, BERIBE SRR L < ¥
TREELABEKE S 2 0K BHGREA~S,

Bz, RM7wexmdr5, 1 1HEMOLETHRAN X S-oHE H, BIEW H/30EHREE: 35, #%
BRI A E X REMCREKME & 203, KEERMBREEET b, hid, 0.2H 226 H
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B o i - K - B KBRBIRRIC X 5EKE & 4 OliKFE:

0.02
E -
E C
f - (a) DS, H=0.3m, m=0.12cm .
s r T=10C g
0.0 [ ]
N 3
e o ]
s . p
o - ]
+Q - fn
go.ooh Tl aslasaateaaslasaadagaatassatagaatsssn
¥ 00 0.2 0.4 0.6 0.8 1.0
ERRKEORBIK T B, W/H
E 2.0 e e e ey
< E 3
E sE  (® DM, H=50m, m=2.0cn i
= = E
w E 3
= E T=10C 3
s ME 3
& E c
44 E 3
ROS5E 3
2 3 3
£k e reTTTTITTIOTTT FOPTT TRV VPP TOVIT IV
0.0 0.2 0.4 0.6 0.8 1.0
LRMAR ORI T B, h/H
£ 6 prerrrTTETTTETTTTTTTTTTY
< E 3
EE ()DL, H=10.0m, m=4.0cm 3
s 4 F 3
g 3 T=10C 3
e E = E
: 3 T=30C 3
g4 2 F 3
Q F 3
-3 o E
a8 E 3
¥ 0. Talaaaaleaeadaasatyeaslasaataaselansitacasd
0.0 0.2 0.4 0.6 0.8 1.0

LKL ORI TS, h/H
8 FEMBEHECIHIXRDIBERORILE v 2
7 4 NIRAED KA R R

¥ CEREMCE 2, REOTHRAUTIKSIEDBEHTTSHE LT, KiLikisv & L, JEFRKRIZIX, #&
BB H=0.3m ¢ EHBMAOS mBIVFIIM D3y —A¥BRELI.RIC. ZEHRY — 20&HGLRT,
BRIy — 2 DSk, £DFR2ILRLAEY Y X1 ONERSD 1 O AVAHEERLPHEELLLD
T, EBRERICLETE m=0.12emicBRE LT, BRED I H KEFAMLTKEL LD EEELI, Lichis
T, 2y 7HORNEAFRA L Thhil, HERECHI»HBOTRIBREER L b, £0X (4) »6HLM
5, midd HBEH LESIRHALTAKELLTWS,

F8iiz, BEERIZL Y xHbhic, T=10CHXU30CIET5EREDOKFBMGE Y ILET 5, Hifihic
T EFRIKS 2 IREDOR X TEl 1 h/H %, RECIIEIRTESL VOB g E>TW5, 8 LY,
FREGORM, 2% hKEEWNPHENAKELC LB E, TACHIELTHAL, &bk, ERHfIAEE &
YIBFCH X T DYb2 5, S0 X 5 KN ERMBRCHTIKEOHEBYARDE . ¥—ADSDL S
CHBRBEDNI KBTI LTI THY, y —ADMPDL L FOEBML LDk T S DRI d L,
KBOHEIFBMCIV-Ohbnd, ZOZ it BAEL AlclDr v 7 7 4 VEEHOKBEHRHY
B 5BE. HANRCRETKBOMBYRHARTE L TR AL LER RV E X EKRT 5,

2. BYEIKISEICH &I CBEHR

BRBL £l Dn v 7 7 4 MEEHOKBEMRH T3, KREMEISEELRE Y S0,
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odrT—T T T T 7 T T 1

5K ey

<

ARHEHK

2T B
, PRACOHR

0.0 .
0.0 0.2 0.4 0.6 0.8 1.0

ERMKE OREIZHTHE h/H
M9 FHEAKZSETAVCTELHIERABORKS
ry 2 74 NREOKMERMEN TR
FEM 5tz & 3)

"y 274 VEEERHO EFICKMRAT I WS & Thic X - THESEHNTICRRTNcEIK S SEAEL,
ek 2iE, ROR6 DL > HHhNEL B, #LT. CORFPICELLHAYEbE T, KRERTCHE
ENIHEBZ O OWOMBER IR D, LIcho T, 2EINLRHAR IO THKEZ 5ENRDBHRTTHY,
Zhbit, EYASORFNREK: 5BEYabei b0t SHicErboo Lt s, REFRALEIKS
SEEXDbORICDIDLEMIAHEL oL EORIKE 58 %, HANSEN, et al. (1995) X, EREIKZ 58 7.pf
LIV, Shik, BENTEETHTHNLHE V ¥ KFEAARCHTEDTLOhIHAE SETESL
oo COTBEILIMS &, & ZTik Forchheimer K& FAVTWABELD, . iXkDX5icExbh b,

lgg=A+ V+B .« V2 (6)

ROV BIEHI > T BEYOTHHHE V 2 ED L S5 CEDLHAMEE Icd, 22Tk, V » L#f
KL X b TEROBEMEIZ ST 2K PHRADOKEE B x5, Lichic THEED Y TR, Vit g/ht LTR
e s,

X9 X, X8 DAMBMBRIBY i, AV TELDEBLILDTH D, HEIR8 LRI h/H %, &
WIS iy > T B, R6)E V OEHEL LW LI 512, i3, HEBENCHEDYBAT HEYE £
BIEBLEZDIENTEB, IR, L 2AVBIliclh, HEoHBCHMEL L, H—Xhio KR
HERZbNRBZERRLTWD, ZDZ Exb, HANSEN, et al. (1995) DIEFEIT S, = v 2 7 14 AHEY
DOKCHEIERICBT 2B S R AT FCHEN L DO TH B Ebh b, 2L, F9I 1, FE#E
HOWEHROBR LY +HCREL Tofeledd, S8, 1ok 2 iE, REFEOEFMCREB L ERXE 2R
HEmEIC LT, B2 TS SEBRD B,

F & &

ZHRARB I UVRMBEHAERL LS52, 2 v 2 74 ARBAHOOKTURERLRD, = v 7 7 4 LHEEY
DHFAKEEEFHANI, 5, MIBEHGCLE—XTEKRRICS L5, Bk 58 & FEOIEFY Btk y
Forchheimer RiCX WKL, Zhick b 2 bhAKFHAcR TR, KBOBEY, KoM EET ML T
BYCERTHIENTES, T, KERAR LR T 2IEGHRE L KBEFOTEHROMEE L TEFL
L, chick D2 v 2 O RS L MEYONBREAEL DIRE XN B KEFMTHRLHE—D T £ —
FELT, vy 774 VBERHOKFREEE YRS Z LML Lot =2 TRDICKARERDOTY
Hd BRABREERTOVICFEM kb & S BRI X VR L, MEWLHBT R, BERD
EhoRkBEovFhd, —REBEKRRICL » TROKFEBARIC L H RIFCHEE TS 20N TEL, WIE
DERMLEHMKETORBOR 2 HAE & o v tgic, KBS OKE YA, Bsvilf+s
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BRI« PoH - B e ML KESRBISER T X B EKEL 4 A K

WEAKME EHBENHCHKTHE &, e OKIKBAMNGECH LAROBELE -2, Zh¥
KEENLEARFE L TEBT HLEN RV ERR LA, ChboRHERBE L, oK 5>
YBEATHI LY, REOHBICKF L e Hi—m kB b 2 22 & N C&l, chick b, &
HEORBOHRER Y RALMM S e BHEEROIERATETH 2 = & 2IFHL 1.

APREMED DD D, —BT, CHEREPRRIC L 558 GEEES11660238) #Fiie, T Kd
LTHEEXRT S,

2 E Xk

BEAR, J. and VERRUUT, A. 1987. Modeling Groundwater Flow and Pollution, D. Reidel Publishing. pp.
41-43.

T4 4 CS,7—~n, JEE/IABFZR 1974. =+ ) » 7 AFREFEE -ARBERE FOBH—, Bl
#itikR#t. pp. 497-527.

GARGA, V. K., TOWNSEND, R. and HANSEN, D. 1991. A method for determining the surface area of quarried
rocks. Geotechnical Testing Journal, 14 (1) : 35-45.

HANSEN, D, GARGA, V. K. and TOWNSEND, R. 1995. Selection and application of a one-dimensional
non-Darcy flow equation for two-dimensional flow through rockfill embankments. Canadian Geotech-
nical Journal, 32 : 223-232.

HUsSEIN, A. K., Moril, T. and HATTORI, K. 1998. Determination of discharge flow through rockfill gabion
weir. Transactions of the Japanese Society of Irrigation, Drainage and Reclamation Engineering,
195 © 123-131

IRMAY, S. 1958. On the theoretical derivation of Darcy and Forchheimer formulas. Transactions, American
Geophysical Union, 39 (4) : 702-707.

KAzDA, 1. 1990. Finite Element Techniques in Groundwater Flow Studies: With Applications in Hydraulic
and Geotechnical Engineering, Elsevier Science. pp. 164-183.

PARKIN, A. K. 1990. Through and overflow rockfill dams. pp. 571-592 in Maranha das NEVES (ed.)
Advances in Rockfill Structures, Kluwer Academic Publishers.

SABIN, C. W. and HANSEN, D. 1994. The effects of particle shape and surface roughness on the hydraulic
mean radius of a porous medium consisting of quarried rock, Geotechnical Testing Journal, 17 (1) :
43-49. ’

SCHEIDEGGER, A. E. 1974. The Physics of Flow through Porous Media, Third edition, University of Toronto
Press. pp. 152-170.

HHEMBE. 1968. BEROXBRMPIR - BEHONF -, IWHAFRE (BRF), 5(3):27-99

—137—



FBRAFBRERFREE H52%25 (2000

Evaluation of Flow Transmissibility of Flow-through
Rockfill Dams based on Laboratory Water Flume Tests

Toshihiro MORII, Toyokazu SADA*,
Takayuki KOBAYASHI** and Seijuro SOYAMA

(Received November 29, 1999)

Summary

The head loss property and the flow transmissibility of the rockfill structures are investigated based
on the laboratory tests and the numerical method. River gravel with a particle size of 0.75 to 2.25 cm in
diameter is used in the laboratory tests. Firstly the nonlinear relationship between the discharge velocity
and the applied hydraulic gradient is determined based on the one-dimensional permeability test. The
Forchheimer equation is employed as the head loss equation. The hydraulic mean radius, which represents
the effect of rock particle size and shape as well as the voids in the structure on the flow through the
rockfill, is effectively introduced into the head loss equation. Secondly the effectiveness of the head loss
equation is examined by the laboratory water flume test ant the numerical method, where the numerical
calculation is formalized based on the finite element method. 13 model embankments with different size
of rock particles, slope inclination and top width of the dam section are tested using the acrylic water
flume 20 cm wide and 350 cm length. A good agreement of the flow transmissibility between the
measurement and the numerical calculation is obtained. Lastly the stage-discharge rating curves of the
flow-through rockfill dams are calculated by using the head loss equation determined above and the
numerical method. It’s found that the flow discharge increases exponentially with the water depth in the
upstream reservoir, and that the water temperature does not have any effect on the discharge of the flow
through the rockfill structures. The stage-discharge rating curves of the dams with different size can be
effectively unified into one curve by introducing the effective hydraulic conductivity of the rockfill
structure.

Key words : Rockfill, Head loss equation, Hydraulic mean radius of voids, Laboratory water flume
test, FEM numerical calculation
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